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Solidification time of a shock-melt vein
A shock-melt vein can be regarded as a hot slab bounded by two semi-infinite half spaces. Initially, the slab is molten at its melting temperature T m or higher, and the surrounding material on both sides is solid at a temperature T 0 . As time passes, the slab cools and solidifies by conduction of heat from the slab to the surrounding material. In this model, the time for complete solidification of the slab t s is given by:
where w is the half-width of the slab, κ is the thermal diffusivity of the solidified slab and surrounding material, and λ is a dimensionless coefficient 1, 2 . λ is obtained by solving the transcendental equation:
where L is the latent heat of solidification, C p is the specific heat at constant pressure, and erf is the error function 1, 2 . The temperature at the boundary between the slab and surrounding material (= T b ) stays constant until the slab completely solidifies, and the value is given by 1, 2 :
In the case of shock-melt veins in Chelyabinsk meteorite, T 0 corresponds to the shock temperature of the host-rock under the shock pressure of 3-12 GPa. Shock temperature is a sum of initial temperature before shock and shock-induced temperature increase during shock. Although the pre-shock initial temperature for Chelyabinsk meteorite is unknown, it might be lower than 100 °C based on the cooling model 
Impact velocity and size of impactor
From the Rankine-Hugoniot equations, shock pressure P is given by:
where P 0 and ρ 0 are pressure and density of material before impact, u p is the particle velocity, and U is the shock wave velocity [6] [7] [8] . If P is high enough compared with P 0 , we can assume P 0 = 0. A relation between shock wave velocity and particle velocity can be given as:
where c and s are empirical constants depending on materials [6] [7] [8] . If we assume that the projectile and target are composed of the same material, particle velocity is expressed as:
where v i is the impact velocity [6] [7] [8] . When we take the values of ρ 0 = 3.469 g/cm The duration of shock pressure t d can be considered as a sum of the time required for shock wave and rarefaction wave to travel through the projectile. It can be expressed as:
where t c is the travel time for shock wave, t r is the travel time for rarefaction wave, D is the diameter of projectile, ρ is the density of shocked material and C r is the rarefaction wave velocity [6] [7] [8] . On the basis of the Murnaghan equation, C r is given by:
is the bulk modulus of projectile, n = 4s-1 is a dimensionless constant 8
